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ABSTRACT
Railways play an essential role in transportation and economy in Australia; however, due to the
increasing demand for rail transport in recent years, railway infrastructure inevitably faces
extensive degradation. One of the severe issues causing the degradation of rail tracks is mud
pumping, where the fines intrude into the ballast layer to form slurry state under wet condition.
Mud pumping is a complex process involving different mechanisms, including subgrade
fluidisation, internal erosion, filtration and upward migrations of fines. This thesis focuses on
the fluidisation of subgrade soil under increasing excess pore water pressure, which results in
fines penetrating overlying ballast.
Traditional methods such as experimental and analytical approaches can capture the
macro-behaviours of soil such as soil settlement and hydraulic conductivity under increasing
excess pore pressure; however, they have many limitations when microscopic and localised
behaviour must be addressed. Therefore, this study proposed a numerical method that couples
the Lattice Boltzmann Method (LBM) with the Discrete Element Method (DEM) to capture
soil behaviours under increasing hydraulic gradient at both macro and micro scales. While
particle behaviour is modelled using the DEM, the fluid properties can be depicted in greater
detail based on the LBM. The numerical results are validated with experiments on a selected
subgrade soil. The results show that the numerical method can reasonably predict the hydraulic
and soil fluidisation aspects concerning the experimental data. Microscopic properties such as
the localised fluid velocity through the porous spaces of the soil are also captured well by the
proposed fluid-particle coupling approach. Also, the gas fluidisation is carried out in this study
using LBM-DEM coupling to further validate the numerical method. The results are compared
with the conventional CFD (Computational Fluid Dynamics) - DEM coupling and show a good
agreement between LBM-DEM and CFD-DEM coupling.
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1 INTRODUCTION
1.1 Background of the study
Railways play an essential role in transportation and economy in Australia. According to the
Senate Standing Committee on Rural and Regional Affairs and Transport (2017), more than
one billion net tonnes of freight were transported by rail in 2014-2015. Because of this
intensive use, railway infrastructure faces ongoing degradation. One of the severe issues
causing the deterioration of rail tracks is mud pumping accompanied by subgrade fluidisation
(Nguyen et al. 2019). Therefore, understanding the mechanism of this degradation process is
crucial to improve transport safety and efficiency of railway systems.
Mud pumping is one of the most common issues causing deterioration of rail track
foundations. It is generally caused by heavy and repeated loads induced by the passage of
trains, which causes excess pore water pressure to develop beneath the track. When the excess
pore water pressure reaches a critical level, it breaks soil structure, resulting in fluidisation of
the soil. In other words, the build-up of excess pore pressure in the subgrade results in an
upward flow that leads to the migration of fine particles from the subgrade to the ballast layer.
This migration can vary from a localised scale such as piping to complete fluidisation of the
subgrade soil, depending on the soil type and the loading characteristics. Mud pumping is a
complex process involving different mechanisms, including subgrade fluidisation, filtration,
internal erosion and upward migrations of fines (Aw 2007; Hudson et al. 2016; Nguyen et al.
2019; Indraratna et al. 2020c). Due to the limited time and scope of a Master of Philosophy
thesis, the current work could only focus on subgrade fluidisation. It is important to highlight
that there is a distinct difference between fluidisation and the seismological term liquefaction.
While fluidisation is induced by the downward cyclic load at the shallow surface with
relatively low confining pressure; liquefaction is usually caused by sudden and rapid loading
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on the soil particles at a relatively high confining pressure. In addition, the fluidisation process
is accompanied with the softening behaviour of soils, whereas liquefaction failure is associated
with brittle instability (Jefferies and Been 2015; Indraratna et al. 2020a; Nguyen and Indraratna
2020b).
Subgrade fluidisation can severely reduce the bearing capacity and stability of rail
tracks, leading to significant maintenance cost each year (Hudson et al. 2016; Kamalov et al.
2017). While considerable attention has been given to this phenomenon over the years (Aw
2007; Trani and Indraratna 2010; Hudson et al. 2016; Indraratna et al. 2020a; Indraratna et al.
2020b), there is still insufficient understanding of the process of fluidisation in subgrade soil.
Previous studies (Skempton and Brogan 1994; Duong et al. 2014b; Fleshman and Rice 2014)
usually adopted experimental and analytical approaches to investigate the response of soils to
increasing fluid flow in order to capture the macro-aspects such as soil deformation, critical
hydraulic gradients and the erosion rate. However, these methods cannot capture detailed
microscopic and localised behaviours such as the particle-to-particle and particle-to-fluid
interactions very well. For this reason, the use of Computational Fluid Dynamics (CFD)
coupled with the DEM to model particle-fluid interactions has received more attention in recent
decades (El Shamy and Zeghal 2005; Zhao and Shan 2013; Nguyen and Indraratna 2016,
2017a; Tao and Tao 2017a). While many conventional fluid-particle coupling models are based
on Navier-Stokes (NS) equations incorporating the mass and momentum conservation,
inaccuracies in capturing the localised properties of a fluid-particle system become inevitable
when the averaged fluid variables are used. In this context, coupling DEM with LBM is
gaining popularity as a prominent alternative to capture the fluid behaviour at a higher
resolution level (Third and Müller 2013; Cui et al. 2014; Seil et al. 2018). Due to the complexity
of mud pumping mechanism, this study mainly focuses on using LBM-DEM coupling to model the
fluidisation process of coarse (low plasticity) soils which have indicated as the most vulnerable soil
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to mud pumping (Nguyen et al. 2019).

1.2 Aims and objectives
1.2.1 Aims
This study aims to establish a novel numerical method based on LBM-DEM coupling to model
the fluidisation process and associated migration (upward pumping) of subgrade soil under an
increasing hydraulic flow. While DEM is used to capture subgrade particles, LBM is employed
to simulate fluid considering its interaction with the solid phase (i.e., soil particles).

1.2.2 Objectives
This thesis is conducted with respect to the following objectives:
− Observe and understand the response of subgrade soil under an increasing hydraulic
gradient through a laboratory investigation.
− Conduct a literature review to gain knowledge on DEM and LBM, understand the
governing equations and how DEM-LBM is combined.
− Apply the LBM-DEM coupling approach to simulate the fluidisation process of
cohesionless subgrade soils and validate the numerical results with the current experimental
findings.
− Compare the current LBM-DEM model with the conventional CFD-DEM model in
simulating soil fluidisation captured in previous studies.

1.3 Research methodology
This study involves both experimental and numerical investigations. An experiment will be
conducted to examine how soil becomes fluidised under increasing hydraulic gradient. The
results obtained from the experimental tests will be used to evaluate the numerical simulation.
This study also investigates the ability of the proposed LBM-DEM coupling in capturing
fluidisation of soils induced by gas and water flows. Note that the results from previous studies
3

where fluidisation of granular materials induced by gas are also adopted to validate the current
model.
For the numerical simulation, the fluid-particle interactions will be captured by the
coupled LBM-DEM approach. LBM runs on an open-source named Palabos (Parallel Lattice
Boltzmann Solver), coupled with DEM based on the open-source LIGGGHTS (LAMMPS
Improved for General Granular and Granular Heat Transfer Simulations). The parallel
execution using multiple processors is used in this study to reduce the computational time.

1.4 Thesis outline
This thesis includes five chapters. They are:
-

Chapter 1 introduces the background, aims, objectives and research methodology of this
study.

-

Chapter 2 provides a literature review on subgrade fluidisation and numerical models
including DEM, LBM and their coupling.

-

Chapter 3 describes the experiment conducted in this study to capture the fluidisation
process.

-

Chapter 4 is the LBM-DEM numerical simulation and validation.

-

Chapter 5 finally concludes all the results and suggests future works.
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2 LITERATURE REVIEW
This chapter introduces subgrade fluidisation and why it is crucial to study it. Besides, the
relevant information of DEM and LBM, such as the theoretical background, applications,
advantages, and disadvantages, are presented in this chapter.

2.1 Railway structure
The railway’s structures (Figure 2-1) are divided into two categories:
-

The superstructure comprises rails, rail pads, sleepers and a fastening system.

-

The substructure includes ballast, subballast, and subgrade (Selig and Waters 1994;
Kaewunruen and Remennikov 2008; Loh 2011).

Figure 2-1: Railway’s structures (Indraratna et al. 2011)
When the train passes through, the dynamic stresses induced trains will be transmitted
through the rails and sleepers to the substructure. The load transmission is shown in Figure 2-2.
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Excitation of dynamic stresses

Track structure response

Generation of stress waves

Propagation of stress waves

Granular layer response

Subgrade
Subgraderesponse
response

Figure 2-2: The transmission of load from the train to foundation (Ni 2012)

2.1.1 Ballast
Ballast is the first layer of the substructure. It contains medium to coarse sized aggregate,
ranging from 10-63 mm, from a wide variety of materials such as limestone, dolomite,
quartzite, granite, rhyolite (Indraratna et al. 2011). As stated in Australian Standard, the ballast
is restricted to less than 1% for material finer than 75 𝜇𝑚 (AS 1141.12), and the bulk density
has to be greater than 1400 kg/m3 (AS 1141.4). In Australia, the ballast depth varies from 100
to 500 mm (Melrose et al. 2015). As the ballast layer is the first layer receiving load from the
superstructure to the substructure, it must have a high shear strength to minimise the track
deformation and instability. Also, it must have a good permeable structure to ensure sufficient
drainage, hence dissipating the excess water pressure, from that, avoids localised undrained
failure.
The core functions of ballast include:
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-

Absorbs energy from the track and stabilises the sleepers.

-

Dissipate the applied load to the underlying layers to a tolerable level.

-

Provides immediate drainage to avoid the accumulation of water (Indraratna et al. 2011;
Alabbasi and Hussein 2019)

2.1.2 Subballast
Subballast is also known as the capping layer, which is a coarse-grained layer between ballast
and subgrade layers. Common materials used in subballast are sand-gravel mixtures and
crushed natural aggregates. The typical thickness of subballast is 150 mm (Selig and Waters
1994; Indraratna et al. 2011; Li et al. 2015).
As well as sharing the same functions as ballast, which reduces the induced load to the
subgrade and protect frost-susceptible soils, another vital feature of the subballast is to isolate
the ballast from the subgrade, which prevents fine particles from moving upward. Without the
subballast, the ballast directly contacts the subgrade soil. In the presence of water, the fine
particles from the subgrade combine with water to form the slurry, which can be pumped to the
upper layer under the repeated cyclic load when the trains pass through (Li and Selig 1995).
Because of the large constriction size between aggregates in the ballast layer, there is no filter
layer to prevent; therefore, the slurry can easily rise toward the ballast surface (Figure 2-3).
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Figure 2-3: Using subballast to prevent the migration of fine particles from subgrade: a) the
fine particles from the subgrade combine with water to form the slurry, b) under the high
repeated cyclic load, mud pumps upward into the ballast voids, c) placing a subballast layer to
prevent migration of fine particles (Li and Selig 1995)

2.1.3 Subgrade
Subgrade is the lowest and normally the weakest layer underneath the rails. The subgrade
consists of native material or transported embankment fill. The natural soils can be coarse soils
such as sand and gravel or fine soils such as clay and silt. Subgrade, which mainly consists of
fine grain soils such as silt and clay, is often of lower strength and permeability than coarsegrain subgrade (Selig and Waters 1994; Indraratna et al. 2011; Li et al. 2015)
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The primary function of subgrade is to offer uniform and firm support for ballast and
subballast. Therefore, the subgrade layer must have acceptable stiffness and bearing capacity to
ensure the stability of the railway. McVey et al. (2005) pointed out that the subgrade’s resilient
modulus, which is used to determine the stiffness of the subgrade considering recoverable
strain, contributes significantly to the overall track quality. If the rail track is built on the soft
subgrade, there are several methods are recommended to strengthen the soft soil, such as
prefabricated vertical drain (PVD), compaction and grouting methods.
Figure 2-4 shows the particle size distribution (PSD) curves of ballast, subballast and
subgrade, according to Indraratna and Nimbalkar (2013). The graph shows that the ballast layer
has a larger particle size than subballast and subgrade, shifting to the left compared to the
ballast. In addition, subballast has a broader range compared with others, which indicates that
subballast is normally well-graded material.

Figure 2-4: PSD of ballast, subballast and subgrade (Indraratna and Nimbalkar 2013)

2.2 Subgrade fluidisation under rail tracks
9

The term fluidisation is generally used to describe the process that a granular material transfers
from a static solid-like state to a dynamic fluid-like state. It is important to note that
fluidisation of materials has been studied in other fields such as chemical and mining
engineering, food technology and pharmaceutical industry (Lyngfelt et al. 2001; Elserfy et al.
2021; Sozzi et al. 2021); however, there is a lack of study addressing this issue under traffic
loads such as railway. The following sections will explain in detail the phenomena of subgrade
fluidisation under railway tracks, and factors affecting it.

2.2.1 Phenomena and definition
Subgrade fluidisation is generally induced by heavy and repeated rail loads causing the buildup and dissipation of excess pore water, resulting in the upward movement of fine soil particles
(Hudson et al. 2016). The presence of water at the subgrade level due to a high water table or
perched water table associated with limited drainage capacity softens the subgrade soil, reduces
the subgrade’s stiffness and shear strength, and forms slurry (Aw 2007). Because of the cyclic
loading caused by trains passing through, excess pore water pressure develops and dissipates
under the rail track, creating a driving force that pushes fine materials to the upper layers, i.e.,
ballast particles through their voids. The next loading continues the process pushing more fine
particles into the upper layers (Kamalov et al. 2017).
Subgrade fluidisation causes the movement of fine particles, leading to deterioration in
engineering properties of railway foundation. The ballast begins to drain poorly, and the elastic
modulus and bearing capacity of ballast beds are reduced. As a result, the track deteriorates,
decreasing the safe operation of railways (Indraratna et al. 2012; Duong et al. 2013; Hudson et
al. 2016; Kamalov et al. 2017; Nguyen et al. 2019). Numerous issues related to mud pumping
accompanied with subgrade fluidisation are frequently reported worldwide (Ghataora et al.
2006; Sussmann et al. 2012; Hendry et al. 2013; Sharpe et al. 2014; Wheeler et al. 2016).
Every year the Australian government has to spend a lot of money to maintain the railway
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infrastructure. For example, in 2018-2019, Sydney Trains spent $1.46 billion maintaining the
railway system (Sydney Trains 2019).

2.2.2 Factors affecting subgrade fluidisation
Through the previous studies, there are three main essential factors that affect the subgrade
fluidisation process (Figure 2-5). The first is the presence of water, the second is loading
characteristics, and the final key elements are the subgrade soil properties and foundation
characteristics. The following section will elaborate on these factors.

Figure 2-5: Major factors affecting subgrade fluidisation.
2.2.2.1 Excess water
Water is the fundamental factor causing subgrade fluidisation. The presence of water, together
with the cyclic loading, develops the pore water pressure causing an upward flow through the
track foundation (Figure 2-6). Without water, subgrade fluidisation is not observed (Kamalov
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et al. 2017; Nguyen et al. 2019). Numerous site investigations (Ito 1984; Voottipruex and
Roongthanee 2003; Aw 2007) show that subgrade fluidisation commonly occurs during or after
heavy rainfall periods. During heavy rain, the rainwater penetrates and accumulates into
subgrade and ballast, resulting in water ponding and subgrade saturation. Under the dynamic
loads induced by train passage, excess pore water pressure increases, pushing the fine soils to
migrate upwards.
The primary sources of water causing subgrade fluidisation include pre-existing
groundwater and surface water from rainwater, fog and snow. However, if the groundwater
table is low enough, it has no impact on subgrade fluidisation (Aw 2007).

Figure 2-6: The development of pore water pressure under cyclic loading (Indraratna et al.
2020a)
2.2.2.2 Loading characteristics
How the foundation responds to the moving train is a complex problem as it depends on many
factors, such as the foundation characteristics and the type and rate of cyclic loading. Selig and
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Waters (1994) stated that the higher the traffic speed, the greater the loading rate and water
pressure induced. The failure is seldom associated with low-speed lines. In addition, subgrade
soil becomes softening quickly when the cyclic stress ratio (CSR) (i.e., representing the axle
load) exceeds a certain level, i.e., threshold cyclic stress. For instance, Indraratna et al. (2020a)
experiment showed that when the CSR is low (CSR = 0.2), the soil is stable and can withstand
50,000 cycles; however, when it increases to 0.5, the soil fails rapidly, and the upper part of the
specimen becomes a fluid-like state (Figure 2-7). This softening behaviour causes the
infiltration of the subgrade to the ballast layer (i.e. subgrade fluidisation). Moreover, according
to Ni et al. (2012), when the CSR is low (from 0.4 to 0.6), the increase in frequency negligibly
affects the excess pore water pressure and axial strain. However, when CSR is 0.8 (critical
value) while increasing the frequency from 0.1 to 5 Hz, the failure occurs earlier at a higher
frequency (Figure 2-8). Also, Alobaidi and Hoare (1998) investigated the correlation between
cyclic loading and the rate of subgrade fluidisation. It proved that the higher the cyclic loading,
the higher the rate of subgrade fluidisation. Furthermore, Duong et al. (2014a) pointed out that
the loading type also affects the excess pore pressure. Specifically, for the same soil condition
and same loading magnitude, the excess pore pressure caused by the cyclic load is higher than
the monotonic load. For example, the excess pore pressure generated by cyclic loads is
approximately 50 kPa, almost double compared with monotonic loads.
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Figure 2-7: Responses of soil to different CSRs (Indraratna et al. 2020a)

(b)
(a)
Figure 2-8: Normalized excess pore pressure and axial strain vs time for different frequency
with: a) CSR = 0.4, b) CSR = 0.8 (Ni 2012)

2.2.2.3 Subgrade soil properties and foundation characteristics
Cai et al. (2015) stated that the properties of subgrade soil are one of the direct factors affecting
subgrade fluidisation. To be more specific, subgrade fluidisation is more often observed where
the soil has dehydration shrinkage cracking, poor hydraulic conductivity, water softening,
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strong hydrophilicity, and fine particles. Nguyen et al. (2019), Yoder (1957) and Aw (2007)
pointed out that subgrade fluidisation more commonly occurs when the subgrade soil contains
inorganic clays with low to medium plasticity, fine sand and/or silt. Specifically, Nguyen et al.
(2019) demonstrated the summary of soil properties from previous studies on mud pumping.
The results reveal that subgrade fluidisation usually happens where the liquid limit of the soil
samples varies from 20 to 50, while the plasticity index is less than 30 (Figure 2-9). Indraratna
et al. (2020a) indicated that soil with 10% of Kaolin would enhance the fluidisation resistance
of subgrade soil. Duong et al. (2013) mentioned that fines content affects the mechanical
performance of materials. When fine particles are added to saturated soil, the friction angle
decreases, which reduces the shear strength of the subgrade. Subgrade with coarse and
medium-grained soil is less likely to lead to subgrade fluidisation because more force is needed
to make coarser particles migrate, and they are normally trapped in the subballast filter (Cai et
al. 2015). In addition, Indraratna et al. (2020a) indicated that soil with a higher compaction
level (lower void ratio) has a higher resistance to fluidisation.

Figure 2-9: Plasticity chart of subgrade soils where mud pumping is reported (Nguyen et al.
2019)
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The thickness of the ballast and subballast can also affect subgrade fluidisation
significantly. If the thickness of the ballast does not meet standard requirements, subgrade soil
can be subjected to a large magnitude of loading pressure induced by trains, resulting in a
higher degree of excess pore water pressure that accelerates subgrade fluidisation. Moreover,
local pressure can be enhanced under rail joints, crossings and twitches, facilitating subgrade
fluidisation (Nguyen et al. 2019).

2.3 Discrete element method (DEM)
Generally, there are two most common numerical methods to model soil, i.e., a continuum
approach such as the Finite Element Method (FEM) and a discrete approach such as the DEM.
While the continuum approach considers soil as an artificial continuum and does not consider
the trajectory of each particle, the discrete approach considers the motion of each particle
individually (Kloss et al. 2012; Desrues et al. 2019; Nguyen and Indraratna 2020b). DEM is
capable of simulating a wide range of particle shapes and sizes (Yang et al. 2000; Wait 2001;
Jin et al. 2011; Parteli 2013; Delaney et al. 2015). It can capture the microscopic mechanisms
such as particle motion and interactions where traditional methods such as experimental and
analytical approaches cannot normally achieve (Cleary and Sawley 2002; Cho et al. 2007; Jing
and Stephansson 2007; Lemieux et al. 2008; Kloss et al. 2012). Therefore, DEM has been
widely used with considerable success in past studies (Yang et al. 2000; Feng and Yu 2007;
Ammeri et al. 2009; Indraratna et al. 2014; Bayesteh and Mirghasemi 2015; Ngo et al. 2015;
Nguyen and Indraratna 2016, 2017a; Zhang et al. 2019).
The DEM was first introduced in Cundall and Strack (1979). To execute a DEM
simulation, the geometric parameters such as boundary conditions and particle coordinates are
initially identified by users. Material properties such as the friction coefficients, stiffness, size
and shape are then established. Contact model parameters are also needed to define. At each
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time step, contact forces due to the overlap between particles are calculated by the contact
model (e.g. spring-dashpot model). The more complex particle geometry, the more challenging
it is to detect the contact forces between particles, therefore, affecting the computational time.
Newton’s second law is then applied to determine the particle’s behaviours in terms of
velocity, acceleration, and displacement. After each time step, particle properties such as the
position, velocity and orientation are updated, and the process is repeated to the end of the
simulation (Bićanić 2003; Hu et al. 2010; Wills and Finch 2016).

2.3.1 Newton’s second law
The translational and rotational displacements of a particle can be determined by using
Newton’s second law as shown in Equations (1) and (2) (Cundall and Strack 1979; Tanaka et
al. 2001; Zhou et al. 2010; Kloss et al. 2012) as follows:

𝑚𝑖

𝑑𝑈𝑝,𝑖
⃗⃗⃗⃗⃗
⃗⃗⃗⃗
= 𝑚𝑖 𝑔 ∑(𝑓
𝑛𝑐 + 𝑓𝑡𝑐 )
𝑑𝑡

(1)

𝑛𝑐

𝐼𝑖

𝑑 𝑖
= ∑ 𝑇𝑐,𝑖𝑗 + 𝑀𝑖𝑗
𝑑𝑡

(2)

𝑛𝑐

where 𝑚𝑖 and 𝐼𝑖 are the mass and moment of inertia of particle i, respectively; g is the
acceleration of gravity; 𝑈𝑝,𝑖 and 𝜔𝑖 are the translational and angular velocities of particle i,
⃗⃗⃗⃗⃗
⃗⃗⃗⃗
respectively; 𝑓
𝑛𝑐 and 𝑓𝑡𝑐 are the normal and tangential particle-particle contact forces,
respectively; 𝑇𝑐,𝑖𝑗 is the torque generated by the contact between particles; 𝑀𝑖𝑗 is the rolling
resistant moment; and 𝑛𝑐 is the total number of contacts.
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2.3.2 Contact model
There are two components in the contact force: tangential and normal forces. The contact force
can be calculated by either a linear or non-linear model (Jensen et al. 1999; Jiang et al. 2005).
The non-linear model is more complex and takes account of the elastic deformation in which
Hertz theory is used to determine the normal force, while Mindlin and Deresiewicz (1953)’s
theory is used to determine the tangential force. The linear model is based on Hooke’s theory,
and assumes the particles are completely rigid (Di Renzo and Di Maio 2004; O’Sullivan 2011).
This assumption is not entirely accurate as in reality particles normally deform at the contact
point (O’Sullivan 2011). According to Di Renzo and Di Maio (2004), using sophisticated
models offers no substantial improvement in the accuracy of velocities measured at the end of
the collision. However, in term of forces and displacements, the non-linear model is more
precise. Therefore, for simplicity, the linear model is preferred to calculate the contact between
particles (Di Renzo and Di Maio 2004; Zhu et al. 2007). However, for more complex
processes, the non-linear contact model is recommended to increase the accuracy (Sykut et al.
2007; Ciantia et al. 2016). The most popular linear model is the linear spring-dashpot (Hu et al.
2010) (Figure 2-10). In this model, the elastic interaction is modelled by a spring, and the
dissipative mechanism is described by the dashpot. The magnitude of normal and tangential
forces can be calculated by:
1. Linear contact model (Kloss et al. 2012)
𝐹𝑛 = −𝑘𝑛 𝛿𝑛 − 𝑐𝑛 𝛿𝑛

(3)

𝑡

(4)

𝐹𝑡 = 𝑚𝑖𝑛 {|𝑘𝑡 ∫ 𝛥𝑢𝑡 𝑑𝑡 + 𝑐𝑡 𝛥𝑢𝑡 | , 𝜇𝐹𝑛 }
𝑡𝑐,0

where:
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•

Fn and Ft are the normal and tangential forces, respectively.

•

kn and kt are the normal and tangential contact spring stiffnesses, respectively.

•

cn and ct are the normal and tangential damping coefficients, respectively.

•

𝛥𝑢𝑛 and 𝛥𝑢𝑡 are the relative normal and tangential velocities of the particles in contact.

•

𝛿𝑛 is the overlap distance.

•

𝜇 is the coefficient of friction.

When calculating the tangential force, the Coulomb friction which is the friction between two
sliding particles needs to be considered.

Figure 2-10: Spring-dashpot model (Goniva et al. 2010)
2. Simplified non – linear contact model (Zhu et al. 2007)
𝐹𝑛 = 𝑘𝑛 𝛿𝑛 3/2

(5)

4

where 𝑘𝑛 = 𝐸 ∗ √𝑅∗ 𝛿𝑛
3

•

E* and R* are the effective Young’s modulus and radius of particles.

In summary, the process of computation in DEM can be summarized in Figure 2-11.
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Figure 2-11: Computational process in DEM (O’Sullivan 2011)

2.3.3 Application of DEM in Geomechanics
The major applications of the DEM can be categorised into three different aspects: particle
packing, particle flow and particle-fluid flow (Zhu et al. 2008). DEM can simulate the
experimental tests in the geotechnical area by introducing loads and deformations to virtual
samples. The advantage of the DEM simulation is the ability to obtain complex material
responses such as particle rotation, contact force, and force distribution, which are difficult or
impossible to measure by traditional methods such as experimental and analytical approaches
(O’Sullivan 2011; Indraratna et al. 2014). Additionally, DEM can effectively model the large-
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displacement problems, such as simulating the cone penetrate test (CPT) (Kinloch and
O'Sullivan 2007; Butlanska et al. 2013). This problem is more complex to model using
continuum approaches such as FEM (O’Sullivan 2011). In pavement, DEM is adopted in
Vallejo et al. (2006)’s study to predict the deterioration of the granular base underneath a
flexible pavement under the moving wheel. Besides, the DEM method has been widely used to
model railway substructure (Lim and McDowell 2005; Lobo-Guerrero and Vallejo 2006; Lu
and McDowell 2006; Mishra et al. 2014). For example, Mishra et al. (2014) used the DEM to
predict individual particle accelerations within the ballast layer when applying the load to the
track. Also, Indraratna et al. (2010), Indraratna et al. (2014) and Lobo-Guerrero and Vallejo
(2006) employed DEM to model the behaviours of railway ballast under cyclic loading.
For particle-fluid/gas interactions, CFD and DEM are combined to simulate complex
phenomena (Zhu et al. 2008; Kloss et al. 2012; Nguyen and Indraratna 2016, 2017a). For
instance, the complex flow behaviours of fluidisation such as particle movement (Figure 2-12),
turbulence flow, and bubble formation have been successfully captured by CFD-DEM
simulations (Tsuji et al. 1993; Kafui et al. 2002; Kloss et al. 2012). However, note that most
previous studies concentrated on gas-induced fluidisation, which usually occurs in mining and
chemical engineering.

Figure 2-12: Fluidisation process captured by CFD-DEM coupling (Kafui et al. 2002)
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2.3.4 The DEM solver LIGGGHTS
Several software packages have been developed for DEM, including commercial software
packages such as PFC, EDEM and open-source software packages such as YADE, EsyS and
LIGGGHTS. Each software has different advantages and disadvantages. This study uses the
LIGGGHTS software package to simulate the soil in DEM due to its favourable features for
parallel and coupling computations. LIGGGHTS is written in C++ and runs on Ubuntu (i.e., a
Linux based system). Compared with LAMMPS, LIGGGHTS has re-written contact force
formulation, including Hertz/Hooke pair styles and cohesion and rolling friction force
formulation (Kloss et al. 2011). LIGGGHTS is an open-source software package that enables
users to modify and incorporate novel ideas into its background, thus being beneficial to
research activities. Furthermore, post-processing of LIGGGHTS simulation runs on an opensource package, i.e., Paraview, which is user-friendly and contains powerful filters to capture
particle-fluid behaviours. The code of this software has been broadly validated in many
publications and has a large support community (Tan et al. 2018). Coupling LIGGGHTS with
other numerical frameworks such as OpenFoam based CFD and Palabos based LBM has been
carried out in recent years with significant success (Goniva et al. 2010; Zhao and Shan 2013;
Nguyen and Indraratna 2017a; Tao and Tao 2017a; Wang et al. 2017).

2.4 Lattice Boltzmann method (LBM)
2.4.1 General
There are three different scales of fluid flow: microscopic, mesoscopic and macroscopic
(Figure 2-13). In the macroscopic scale, the fluid is described in terms of velocity and pressure,
which can be solved using the Navier-Stokes equations (Feng et al. 2007). The macroscopic
approaches include the Finite Volume Method, the Finite Difference Method and the Finite
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Element Method (Peiró and Sherwin 2005). The microscopic scale is the scale of fluid
molecules. Fluid flow can be simulated on the microscopic scale using Molecular Dynamics
(MD) by solving Hamilton’s equation. However, it is a challenging task and requires huge
computations to identify the location and velocity of each particle using the MD method
(Fitzgerald et al. 2019). Therefore, the Lattice Boltzmann Method, which uses the mesoscopic
scale, is introduced to close the gap between macro and micro scales. In the mesoscopic scale,
the velocity and pressure are computed as the momentum of particles. Unlike MD, LBM does
not track the detailed motion of individual particles but a group of particles; therefore, it is
efficient based on simplified governing equations (Chen and Doolen 1998; Hu et al. 2001). In
addition, instead of continuously generating the new geometrically adapted grids to circumvent
severe mesh distortion, which is time-consuming, LBM uses uniform Cartesian meshes to
represent the flow field and does not require re-meshing (Feng et al. 2007; Rettinger and Rüde
2017). Thus, it is easier to code, and it can model problems with complex geometries and with
a large number of particles, for instance, the flow through porous media (Bao and Meskas
2014). Additionally, LBM is efficient in parallel computation across multiple processor
environments, which reduces the computation time (Nourgaliev et al. 2003; Peng et al. 2008).
Therefore, in this study, LBM is used to couple with DEM to simulate the fluid flow through
the sand.

Figure 2-13: Simulation scales for fluid flows (Fitzgerald et al. 2019)
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2.4.2 Conventional CFD versus LBM
Unlike conventional CFD based on NS theories that describe fluid by macroscopic variables
such as velocity and pressure, LBM depicts the fluid state based on a distribution function, i.e.,
𝑓𝑖 (𝑥, 𝑡) of fluid density. In this approach, fluid is considered as a group of particles.
Macroscopic fluid variables are calculated using fluid density distributed over lattice nodes
with time-based on propagation and collision processes so that the finer the meshing, the more
detailed the fluid variables can be captured (Nourgaliev et al. 2003; Perumal and Dass 2015).
Therefore, combining LBM with DEM can enhance the accuracy of modelling multi-phase
interactions, especially in a fluid-soil system (Han et al. 2007; Marié et al. 2009). In particular,
conventional CFD-DEM coupling approaches usually require a fluid cell to be greater than the
pore and particle sizes (Figure 2-14a) (Nguyen and Indraratna 2020a). Therefore, the particlefluid interactions cannot be computed directly while some correlations are used to compute the
interaction forces. In comparison, the coupling based on LBM can capture fluid variables and
their direct interaction with solid particles at a scale smaller than the pore and particle sizes
(Figure 2-14b).
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(a)

(b)
Figure 2-14: The mesh size of : a) Conventional CFD (data provided by Dr. Nguyen based on
CFD-DEM coupling), b) LBM
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2.4.3 Theoretical background of LBM
In LBM, the fluid is described in terms of fluid density distribution function (DDF) 𝑓𝑖 (𝑥, 𝑡) at a
discrete time and discrete lattice. The exchange of energy and momentum is attained through
the streaming and collision of fluid DDF. The Bhatnagar-Gross-Krook (BGK) approximation
which uses a single relaxation time to compute the evolution of DDF at each time step, is the
most common and straightforward LBM approach (Feng et al. 2007).
1
𝑒𝑞
𝑓𝑖 (𝑥 + 𝑒𝑖 ∆𝑡 , 𝑡, +∆𝑡) − 𝑓𝑖 (𝑥, 𝑡) = − (𝑓𝑖 (𝑥, 𝑡) − 𝑓𝑖 (𝑥, 𝑡))
⏟
⏟
𝜏
𝑠𝑡𝑟𝑒𝑎𝑚𝑖𝑛𝑔

(6)

𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛

where:
•

𝑓𝑖 (𝑥, 𝑡) is the density distribution function

•

𝑒𝑖 is the discrete velocity vector

•

∆𝑡 is the LBM time step

•

𝑓𝑖 𝑒𝑞 is the equilibrium distribution

•

𝜏 is the relaxation time which is the rate where the density distribution functions 𝑓𝑖
relax towards the equilibrium distribution function 𝑓𝑖 𝑒𝑞 .

Figure 2-15: LBM 3D model and LB lattice discretization: a) D3Q19 model (i = 0, 1,
2, …18) and b) LB lattice direction, node and spacing
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The left-hand side of Equation (6) is the streaming process whereby particles move to the
neighbouring node with a lattice velocity 𝑐𝑖 (∆ℎ/∆𝑡), where ∆ℎ is the lattice spacing, in the
direction of velocity vectors (from grid node x to the nearest grid node x+ 𝑒𝑖 ∆𝑡 ) (Table 1). The
number of velocity vectors depends on the spatial dimensions, i.e., DdQq where d represents
the spatial dimensions, and q is the number of discrete velocities. For the 2D model, there are
nine velocity vectors e1, e2, …e8, including one at rest, and this model is known as D2Q9. For
the 3D model, the number of vectors can be 15, 19 or 27 etc (Delbosc et al. 2014; Tan et al.
2018). As the current study aims to model a 3-dimensional soil domain subjected to upward
flow, a D3Q19 model was considered (Figure 2-15). The right-hand side is the collision
process whereby the parties collide in one node, and the outgoing velocity vectors are in the
opposite direction to the incoming vectors.
Table 1: Lattice velocity of D2Q9 and D3Q19 models (Perumal and Dass 2015)

Using a Bhatnagar-Gross-Krook (BGK) relaxation model for a Newtonian fluid, the
equilibrium distribution function is given as (Feng et al. 2007):

𝑓𝑖

𝑒𝑞

= 𝑤𝑖 𝜌𝑓 (1 +

3
9
3 2
2
𝑒𝑖 𝑈𝑓,𝑖 + 4 (𝑒𝑖 𝑈𝑓,𝑖 ) − 2 𝑈𝑓,𝑖
) for 𝑖 = 0, … . ,18
2
𝑐
2𝑐
2𝑐

(7)

where 𝑤𝑖 is the fixed weighting values, and 𝑈𝑓,𝑖 is the macroscopic fluid velocity. For the
D3Q19 model, 𝑤0 =1/3, 𝑤1,2,3,4,5,6 =1/18 and 𝑤7,8,…18 =1/3. (Perumal and Dass 2015).
The relaxation time 𝜏 is essential because it does not only characterise the fluid
collisions, but it also identifies the viscosity of the fluid. The kinematic viscosity in the lattice
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and physical scales is defined in Equations (8) and (9), respectively
1
1
𝜈̅ = (𝜏 − )
3
2
𝜈 = 𝜈̅ ×

(8)

∆ℎ2 1
1 ∆ℎ2 1
1
= (𝜏 − )
= (𝜏 − ) 𝑐∆ℎ
∆𝑡
3
2 ∆𝑡
3
2

(9)

In lattice Boltzmann simulations, it converts the input variables in physical to lattice unit
where the simulation is established. On the other hand, the output must be converted back to
the physical unit to analyse the data. In the current study, conversion from lattice to physical
units has been carried out with respect to Feng et al. (2007). A conversion between the lattice
unit and the physical unit is shown in Table 2.
Table 2: Conversion between physical and lattice units (Feng et al. 2007)

Generally, the relaxation time significantly contributes to the numerical stability of LBM
simulation. From equation (8), the value of 𝜏 must be larger than 0.5 to ensure the value of
viscosity is positive. With the BGK model, the numerical instability can occur when the value
of 𝜏 closes to 0.5 (Perumal and Dass 2015). However, it can weaken hydrodynamic interaction
due to introducing additional diffusion of fluid momentum into the fluid-particle system if the
relaxation time is too large (Yang et al. 2018). In order to solve the instability problem of the
BGK model, the two-relaxation time (TRT) or multi-relaxation-time (MRT) models are used
(Suga et al. 2015; Rettinger and Rüde 2017; Yan et al. 2017; Tao et al. 2018).
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Equation (9) shows that the LB parameters such as lattice spacing, time step and
relaxation time are not independent; they are related and therefore must be appropriately
chosen to obtain the correct magnitude of fluid viscosity, as well as an appropriate balance
between the accuracy and computational cost. Since the viscosity is constant, the lattice
spacing and the relaxation time are normally used as independent parameters for simplicity.
The value of the time step is dependent on those two parameters, thus:

∆𝑡 =

1
1
(𝜏 − ) ∆ℎ2
3𝜈
2

(10)

The macroscopic fluid density and velocity can then be defined from the density
distribution function by the following equations:
(11)

𝜌𝑓 = ∑ 𝑓𝑖

𝑁

⃗𝑓 =
𝑈

(12)

1
∑ 𝑓𝑖 𝑒𝑖
𝜌𝑓
𝑖=0

The fluid pressure can be determined as:
𝑃𝑓 = 𝐶𝑠2 𝜌𝑓

(13)

where 𝐶𝑠 is the fluid speed of sound. 𝐶𝑠 = 𝑐 ⁄√3
The LBM is only accurate when the Mach number (Ma) is small to keep it under the
incompressible limit, therefore, Ma << 1. In practice, it should be less than 0.1 (Feng et al.
2007; Han et al. 2007).

𝑀𝑎 =

𝑈𝑓,𝑚𝑎𝑥
𝐶𝑠

(14)
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where 𝑈𝑓,𝑚𝑎𝑥 is the maximum flow velocity in the simulation.

2.4.4. Palabos open-source LBM
In this study, Palabos is used to model fluid behaviour. Palabos is an open-source software
developed by FlowKit Ltd Company from Switzerland since 2010. The library written in C++
is based on MPI (Message Passing Interface) for parallel execution. It can set up various
models such as thermal flow, fluid-particle interaction, and multi-phase/free-surface flow. The
program interface is straightforward and easy to use; therefore, it has been employed widely as
engineering and academic tools. Validation of this code can be found in previous studies such
as Daigle and Reece (2015), Liu and Wu (2016), Wang et al. (2015), Takbiri-Borujeni et al.
(2014), Ju et al. (2014), Tan et al. (2018). The output of Palabos is written in VTK format,
which can then be subjected to post-processing via Paraview.

2.5 LBM-DEM coupling: The Immersed Moving method
2.5.1 Immersed Moving boundary
In the coupled LBM-DEM, particles in DEM are primarily driven by the hydrodynamic forces
caused by fluid flow in LBM. In order to achieve accurate solid-fluid interactions, a correct noslip velocity condition is required. The adjacent fluid at the particle surface should have
velocity matching to the particle surface applied at the interface. If the solid particle is
stationary, this condition can be easily achieved by applying the bounce-back rule (Han et al.
2007). However, when the particle is moving, this becomes more complex.
Ladd (1994) suggested a modification to the original bounce-back rule to take into
account the movement of the solid particles, which is known as Momentum Exchange (ME)
approach. This method provides the relationship of the momentum exchange between solid
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boundary and adjacent fluid (Chen et al. 2013). In the ME approach, the curved boundary's
surface is assumed to be located halfway between the link of a fluid node and a solid node
(Figure 2-16a). Therefore, the mesh size has to be fine to increase the accuracy of the
boundary, which increases the computational cost. Another issue of this method is that when
the particles move, some fluid nodes become the solid nodes and solid nodes become fluid
nodes. Therefore, the links between fluid nodes and solid nodes have to change continually,
causing the fluctuation of hydrodynamic forces when particles move quickly (Feng et al. 2007;
Han et al. 2007).
To overcome these disadvantages, Noble and Torczynski (1998) proposed the Immersed
Moving Boundary (IMB). This approach has been employed in various studies (Feng and
Michaelides 2004; Cui et al. 2014; Dash et al. 2014; Prestininzi et al. 2016) and proved it as an
effective methodology to couple LBM-DEM. Unlike the ME approach, in which the lattice is
either fully occupied by a solid particle or filled with fluid (Figure 2-16a), the lattice in the
IBM method can contain both fluid and solid particles (Figure 2-16b). Previous studies show
that by considering the solid volumetric fraction that occupies the fluid cell, the IBM approach
establishes a more accurate and smoother lattice representation of solid particles, which
reduces the fluctuations of the computed hydrodynamic forces (Feng et al. 2007; Han and
Cundall 2011). Therefore, IMB is adapted in this current study.
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(a)

(b)
Figure 2-16: Boundary methods for fluid-solid particle interaction: a) ME approach: the surface
of solid phase is assumed to be located halfway between the link of a fluid node and a solid
nodes; b) IBM approach: the partially saturated cells are divided into sub cells to calculate the
solid fraction more accurately.
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The IMB approach introduces a new collision term which considers the effect of solid
particles on the fluid. When the fluid density distribution functions collide with the solid
boundary, Equation (6) becomes
1
𝑒𝑞
𝑓𝑖 (𝑥 + 𝑐𝑖 ∆𝑡 , 𝑡, +∆𝑡) − 𝑓𝑖 (𝑥, 𝑡) = (1 − 𝐵) (𝑓𝑖 (𝑥, 𝑡) − 𝑓𝑖 (𝑥, 𝑡)) + 𝐵Ω𝑖𝑠
𝜏

(15)

where B is the weighing function given by:

𝐵(𝜀, 𝜏) =

1
𝜀 (𝜏 − )
2

(16)

1
(1 − 𝜀) + (𝜏 − )
2

In the above, 𝜀 is the volumetric fraction overlapped by the solids. When 𝜀 equals 0, the site is
completely filled with fluid, and Equation (14) becomes the original equation which only
considers fluid to fluid interaction (Equation 5). When 𝜀 equals 1, the site is completely
covered by solids, so no collision between fluid and fluid is considered.
The Ω𝑖𝑠 introduced in Equation (15) is the new collision operator for fluid nodes that
overlap with solids, and it can be computed based on the bounce-back concept of nonequilibrium density distribution functions
𝑒𝑞

𝑒𝑞

Ω𝑖𝑠 = 𝑓−𝑖 (𝑥, 𝑡) − 𝑓𝑖 (𝑥, 𝑡) + 𝑓𝑖 (𝜌𝑓 , 𝑈𝑝 ) − 𝑓−𝑖 (𝜌𝑓 , 𝑈𝑓 )

(17)

where the subscript -i indicates the density distribution functions getting bounce back when
colliding with a solid boundary; 𝑈𝑝 is the velocity of solid particles
The hydrodynamic force 𝐹𝑓 can be calculated by the following equation (Seil et al. 2018):
(18)

𝐹𝑓 = ∑ 𝐵𝑛𝑠 ∑ Ω𝑖𝑠 𝑐𝑖
𝑛𝑠

𝑖
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The hydrodynamic torque 𝑇𝑓 is the product of the corresponding lever arm and force
(Seil et al. 2018) :
(19)

𝑇𝑓 = ∑(𝑥𝑛𝑠 − 𝑥𝑐 ) × (𝐵𝑛𝑠 ∑ Ω𝑖𝑠 𝑐𝑖 )
𝑛𝑠

𝑖

where
•

ns is the number of lattice cells covered by the solid particle.

•

xn are the coordinates of the lattice node n-th

•

xc is the centre of mass of the solid particle

2.5.2 LBM-DEM coupling algorithm
The coupling of fluid and solid particles at each time step is initiated by first computing the
fluid interaction to compute the hydrodynamic forces and torques, and then updating the
positions of particles by using Equations (1) and (2). The flow chart in Figure 2-17 shows the
LBM-DEM coupling algorithm. The simulation starts with the generation of DEM particles
and fluid field, which applies hydrodynamic forces onto the particles. Newton’s second law is
then used to determine the movement of particles due to hydrodynamic and contact forces. The
new particle locations are updated and mapped on the lattice grid, and then the lattice cells
occupied by solid particles are then identified. Using this information, the modified fluid
operations (collision and streaming) on LBM can be computed to capture fluid behaviour. Note
that in this approach, the fluid cells must be smaller than the particles and pore size, thus
enabling the detailed fluid variables to be captured accurately. The process is repeated until the
simulation is complete.
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Figure 2-17: LBM-DEM coupling flow chart

2.5.3 Application of LBM-DEM coupling
Although LBM-DEM coupling has just received more attention in recent years, this approach
has been used widely to model the problems in different areas, including geotechnical, mostly
focus on predicting permeability of soil and soil erosion. For example, Rong et al. (2013) used
LBM-DEM coupling to simulate the fluid flow through packed beds of uniform spheres and
concluded the effect of porosity on internal fluid flow as well as the drag force on particles;
Lominé et al. (2013) combined LBM with DEM to simulate the piping erosion phenomenon
(Figure 2-18); Cui et al. (2014) developed the numerical model to simulate the internal
fluidisation induced by a leaking pipe. By using the LBM-DEM model, Ghassemi and Pak
(2011) captured the permeability of sandy soils and the tortuosity of the flow (Figure 2-19).
These studies show a great potential that the LBM-DEM coupling can be used to model various
geotechnical problems.
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Figure 2-18: Using LBM-DEM coupling to simulate piping erosion (Lominé et al. 2013)

Figure 2-19: The tortuosity of flow paths captured by LBM-DEM coupling (Ghassemi and Pak
2011)

36

3 LABORATORY
FLUIDISATION

INVESTIGATION
OF

INTO

SUBGRADE

THE

UNDER

INCREASING HYDRAULIC GRADIENT
3.1 Introduction
Laboratory tests on a selected subgrade soil are presented in this chapter. This laboratory study
aims to examine how soil reacts to an upward water flow, mimicking the increasing build-up of
excess pore water pressure in the subgrade. Soil fluidisation induced by an increasing hydraulic
gradient i is measured. Laboratory experiment can capture the macro aspects of soil such as
hydraulic conductivity, critical gradient and particle movement. The soil responses under an
increasing hydraulic gradient through the laboratory investigation are then used to validate the
numerical approach (LBM-DEM coupling).

3.2 Testing equipment and soil properties
3.2.1 Soil properties
Since subgrade fluidisation usually occurs with low plasticity in cohesionless soils (Aw 2007;
Duong et al. 2013), this study used a cohesionless soil which the specific gravity is 2.65 for
simplicity. The particle size distribution (PSD) of this soil was captured by the Malvern laser
diffraction particle size analyser, i.e., MasterSize3000. The advantage of using this laser is that
it can quickly generate an accurate particle size distribution curve. The measurements were
repeated several times, and the average value was taken to define the PSD curve. The particle
size distribution (PSD) of this soil is shown in Figure 3-1a; note that this type of soil is also
commonly used for the capping layer in railway foundations.
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b)

a)

Figure 3-1: Characteristics of the sandy soil used in the current study: a) PSD of soil used in
current study compared to previous studies and b) 3D reconstruction of soil sample under
micro-CT scanning
The soil was placed inside the chamber without compaction, so it was relatively loose.
Micro-CT scanning of the entire sample showed that the specimen had an initial porosity of
approximately 0.39. This result agreed well with the conventional measurement using the
weight and bulk volume of the sample. The CT-scanning also showed that the soil sample had
a uniform distribution of porosity, mitigating localised failure while the fluid flows through.
The major objective of using CT-scanning in this study is to confirm the particles used in the
experiment are close to spheres used in the numerical simulation to avoid any effect of the
difference in particle shape on the results. The indices of sphericity and angularity were
computed based on CT-scanning images with respect to the method given by Powers (1953)
and Cho et al.(2006). The average sphericity and roundness of the soil are 0.75 and 0.71,
respectively, indicating that the soil is rounded with relatively high sphericity with respect to
Powers’ classification (1953).
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3.2.2 Experimental procedure
3.2.2.1 CT Scanning and Image Processing
Microscopic Computed Tomography (Micro-CT) scanning is a powerful tool to capture micro
properties of soils, such as the particle shape and distribution (Taud et al. 2005; Nguyen and
Indraratna 2020c), so it was applied to the soil in this study. The CT Scanning’s operation
relies on the differential energy absorption of different materials making the specimen while an
X-ray beam is going through. Based on this, the geometrical and structural properties of the
specimen can be characterised. In the current study, a Micro-CT scanner model SkyScan 1275
with a 20-100 kV 194 X-ray source was used (Figure 3-2a).

(b)

(a)

Figure 3-2: Micro CT Scan: a) SkyScan 1275; b) Mount the sample to the CT Scan machine
Procedure:
-

Turned the CT Scanning machine on; it took about ten minutes to get the X-ray source
ready

-

Prepared the soil sample, mounted it to the CT Scanning machine (Figure 3-2b)

-

Selected the resolution and filter, then run the analysis
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-

After running the test, the image analysis software package (CTan) was used to binarise
the greyscale images
The software package (CTan) analyses the total volume of the specimen and the total

volume of the solid object so that the porosity of the specimen can be captured. The 2D surface
of the specimen is shown in Figure 3-3. The 2D images are binarised by the threshold value,
such that the solid objects are white, and the void and surrounding are black. Some image
processing techniques such as noise removing and watershed (to separate particle contact) were
implemented before the shape parameters such as the sphericity and angularity can be
measured.

Figure 3-3: 2D surface of sample
3.2.2.2 Micro-scale filtration test
The soil was placed inside the chamber by layer to create a 63 mm thick particle bed. To ensure
the samples’ consistency, the soil was poured into the cell at a constant height and constant
speed. The inlet flow was governed by a constant head container with an adjustable elevation.
There are five manometers along the height of the cell to measure localised hydraulic gradients
(Figure 3-4 and Figure 3-5). Uniform distribution of soil and porosity in the sample would

40

ensure an insignificant difference in the localised hydraulic gradient. The hydraulic gradient
was gradually increased to different levels to reduce the dynamic excitation on the flow.
During this process, the discharge velocity and water head at five different manometers were
recorded. The experiment was stopped when the particles migrated quickly, and the associated
discharge velocity increased rapidly, i.e. the inception of fluidisation. Each test took about
fifteen minutes to complete. The experiment was repeated more than three times, and the
average was taken for the final result.

Figure 3-4: Testing equipment
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Figure 3-5: Experimental setup

3.3 Experimental results and discussions
Figure 3-6 shows the relationship between i and discharge velocity, where i varies from 0.25 to
1.3, and the porosity of soil is approximately 0.39. When i is low, the flow is the laminar flow,
the relationship between the hydraulic gradient and discharge velocity is approximately linear.
As can be seen in Figure 3-6, when the hydraulic gradient increases, discharge velocity also
increases. However, when i is higher than the critical value (1.12), particles start to move
upward, causing the change in velocity. The discharge velocity increases rapidly from 0.005
m/s to 0.0073 m/s (Figure 3-6), and turbulent flow can be observed at this stage.
One of the disadvantages of the laboratory experiment is that it can only capture the
particle behaviour at the side of the wall and cannot observe the particle migration inside the
chamber. When the hydraulic gradient was low initially, the particles were stable because there
was no particle migration. Soil used in this study was a relatively uniform soil accompanied
with homogenous distribution of porosity; therefore, the pore constriction size between
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particles was small. The particles at the bottom hardly passed through the pore; hence, there
was no internal erosion. When increasing i near to the critical value, particles in some places
had a small dancing-like movement that did not affect the height of particle bed. Until it
reached the critical hydraulic gradient where the hydraulic force is larger than the bodyweight
of particle, the particle bed expanded vertically. At this stage, there was the formation of heave
at the top surface. Due to boundary friction, the particle bed rose but not uniformly; it was
higher in the middle and lower at the edges and formed a vertical mound at the top surface
(Figure 3-7). The increase in particle bed led to an increase in porosity and resulted in
degradation in the soil fabric. It is important to note that the response of soils to increasing
hydraulic gradient can change significantly with different soil properties such as particle size
and porosity, as shown in previous studies (Skempton and Brogan 1994; Fleshman and Rice
2014).

Figure 3-6: Result obtained from current experiment
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i = 0.2

i = 1.3

Figure 3-7: Heave formation of particle bed under increasing hydraulic gradient
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4 VALIDATION OF LBM-DEM COUPLING IN
MODELLING SOIL FLUIDISATION
This chapter describes the numerical simulation (LBM-DEM) to capture the fluidisation
behaviours of soil. Several previous studies used conventional CFD coupled with DEM to
simulate the fluidisation phenomenon (Kafui et al. 2002; Nguyen and Indraratna 2020a), but
they could only capture the average values of fluid variables such as velocity and force. LBMDEM model can capture the micro aspects of soil, such as the localised fluid velocity. Note that
to extend the validation of the current LBM-DEM model in capturing fluidisation of soils, both
gas and water causing fluidisation are considered in this chapter.
The code for the numerical model used in this study was developed based on an existing
code

source

by

Philippe

Seil,

which

can

be

found

https://github.com/ParticulateFlow/LBDEMcoupling-public.

Note

in

the
that

following
the

link:

fundamental

theoretical background of this code is shown in chapter 2. A number of modifications such as
the boundary condition, particle size properties, chamber and fluid flow direction were made to
accommodate the current experimental details.

4.1 LBM-DEM coupling to model the fluidisation and migration of
subgrade soil under increasing hydraulic flow
4.1.1 Numerical model setup
Based on mass percentage, the soil sample with a similar PSD to the experimental sample was
generated in DEM (Figure 4-1). The soil sample was first created in the LIGGGHTS, and the
particle data were then saved into a restart file using the write_restart command. This file was
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used later in the LBM-DEM model.

Figure 4-1: PSD of soils used in current study
This current numerical model used a scaled-down sample that was smaller than the
experimental one. The size of the sample is 0.01 m x 0.01 m x 0.0193 m, and it contains 4568
particles (Figure 4-2). This approach helped reduce the computational time while ensuring the
DEM sample had uniform and representative porous characteristics. The preliminary
investigation carried out in the current study showed that a soil sample that was five times
wider than the largest particle in the soil would result in uniform distribution of soil particles
and stable fluid and particle variables during the numerical phase (see more detail in section
4.1.2).
Three different specimens with different porosities (0.38, 0.42 and 0.45) were generated
to investigate the effect of porous on hydraulic behaviour. Several ways can be used to create
specimen with different porosities, such as compression technique (Ghassemi and Pak 2011),
strain-controlled compression (Minh and Cheng 2013), radius expansion techniques (Shire and
O’Sullivan 2013), and manipulate the coefficient fiction. In this study, manipulating the
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friction coefficient was adapted because it maintained a natural filling process without applying
an initial load to the soil specimen. Soil with the same PSD but different porosities could be
attained by changing the coefficients of friction - the lower the value of the friction coefficient,
the lower the porosity. The friction value could then be adjusted later to establish the initial
conditions needed for this investigation.

Figure 4-2: Soil sample generated in DEM
The specific numerical parameters used in this simulation are shown in Table 3. While
the soil density was obtained from the current experimental data, other parameters such as
Young’s modulus, Poisson’s ratio, and the coefficients of friction have been adopted with
respect to past studies (Zhou et al. 1999; El Shamy and Zeghal 2005; Gao and Wang 2014)
where DEM has successfully been used to model similar fine-grained and sandy soils.
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Table 3: Summary of parameters used for numerical analysis

Previous studies show that the results of LBM-DEM coupling are sensitive to the value
of N (the number of grid points) and the relaxation time (Krüger et al. 2009; Yang et al. 2018).
Changes in these parameters can affect the accuracy of fluid solution and fluid-particle
interaction results. Specifically, the finer the meshing, the more detailed the fluid variables can
be captured; however, the more the computational cost. Therefore, in this current study, the
values needed to balance the accuracy and the computational costs were used. In particular, the
lattice resolution (N) along the base was 100, which meant that each particle contained more
than three fluid cells, and the relaxation time was approximately 0.51. In this numerical model,
laminar flow was considered. To stabilise the model, the Mach number was maintained to be
less than 0.1, thus mitigating the effects of compressibility. A slip boundary was applied in
LBM to eliminate the boundary effects on fluid flow as the current investigation uses a scaleddown model of a representative soil element, i.e., at the cell centre.
The fluid in this model is driven based on the periodic pressure boundary by Zhang and
Kwok (2006), where the flow is from the higher pressure points to lower pressure points. In
this numerical simulation, the hydraulic gradient i was increased by increasing the pressure
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difference between the inlet, i.e., the bottom and outlet, i.e., the top of the soil sample. The
fluid velocity, including the seepage and discharge values, were obtained from LBM. i was
calculated by using the pressure drop ∆𝑃𝑓 and the distance the fluid travels through the soil ∆𝐿,
hence:

𝑖=

∆𝑃𝑓
𝜌𝑓 𝑔∆𝐿

(20)

4.1.2 Investigation into the effect of simulation scale on the numerical results
Two main differences between the experiment and simulation are that chamber’s size in the
simulation is smaller than the experiment. Also, while the experimental chamber is cylindrical,
the current numerical simulation uses a rectangular one for simplicity. Despite this difference
in the chamber's shape, the numerical simulation uses periodic boundary condition, enabling
the continuous particle-to-particle interaction (i.e., the middle zone without wall boundary of
the experimental cell) to be simulated. In other words, the boundary effect is eliminated in the
simulation results, thus making the numerical model comparable to experimental data. In
addition, it is aware that the scale of the equipment can affect the boundary conditions and soil
behaviours. For example, when reducing the particle size, even if the porosity is the same, the
internal pore contact stresses will have to be different because the compression of smaller
particles give different "angularity" and different "constriction size and shape distribution",
hence the internal flow conditions are different; consequently, the hydraulic conductivity may
also be different from the real-time values. Therefore, although the chamber's size is reduced in
this simulation, the particle size and particle distribution remain the same. The investigation on
how the scale of the model would affect the numerical result was carried out. Three numerical
simulations with different chamber sizes were run. The dimension of the chamber is increased
and decreased to twice the original size, but the ratio between length: width: height keeping the
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same. The sizes of chamber are 0.02m x 0.02m x 0.08m, 0.01m x 0.01m x 0.04m and 0.005m x
0.005m x 0.02m and contain 36544, 4568 and 570, respectively. Besides the relaxation time,
the ratio between grid lattice and particle size was kept constant. The Mach number is kept
being small to stabilize the model. Due to the size difference, the porosities of the particle bed
are slightly different. Figure 4-3 shows that the model’s scale does not significantly impact the
resultant hydraulic conductivity.

Figure 4-3: The numerical results with different sizes of chamber

4.1.3 Analytical method to predict hydraulic conductivity
Ergun (1952) equation is widely used to predict the drop in pressure through a packed bed of
particles (Kafui et al. 2002; Bokkers et al. 2004; Han and Cundall 2013). It is important to note
that the aim of using Ergun’s equation in this thesis is not to model mud pumping but to predict
the drop in pressure through the packed bed of particles, thus further validating the numerical
simulation. According to this method, the pressure that drops through a particle bed can be
determined by:
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∆𝑃𝑓
1.75𝜌𝑓 (1 − 𝑛) 2
150𝜇 (1 − 𝑛)2
=
𝑈
+
𝑈𝑑,𝑓
𝑑,𝑓
∆𝐿
𝐷𝑝2
𝑛3
𝐷𝑝
𝑛3

(21)

where 𝜇 is the dynamic viscosity of fluid, 𝐷𝑝 is the particle diameter, n is the porosity, and 𝑈𝑑,𝑓
is the discharge velocity of fluid.

4.1.4 Results and discussions
4.1.4.1 Hydraulic conductivity
In this section, the hydraulic conductivity (k) predicted by the proposed numerical method is
validated with both the experimental and analytical approaches (Ergun 1952). Apart from the
current study, the experimental data obtained from a previous study (Fleshman and Rice 2014)
where Ottawa sand has a relatively comparable PSD curve with the present soil (Figure 3-1) is
adopted. However, note that Fleshman and Rice (2014) use soil with varying porosities, i.e.,
0.35 and 0.45. Other studies (Kafui et al. 2002; Bokkers et al. 2004) also use Ergun’s equation
to validate conventional CFD-DEM coupling predictions, but they normally used monodisperse
or bidisperse beds of spheres. In this study, real soil with heterogeneous particles having an
average diameter of 0.85 mm is used.
Figure 4-4 shows the response of fluid under increasing hydraulic gradient with two
different porosities. The overall results show reasonable predictions by the coupling method
compared to the analytical and experimental approaches. For example, k predicted by the
numerical simulation for the porosity of 0.388 is about 0.0052 m/s (i < 1.2), which is relatively
close to the experimental data, i.e., 0.0042 m/s while Ergun solution deviates relatively from
the experimental data. In particular, the numerical and Ergun methods' percentage errors
compared to experimental results are about 23% and 42%, respectively, representing a
considerably higher accuracy of the prediction based on the numerical method. For Ottawa
sand (n = 0.45), the numerically predicted k agrees well with the experimental results. The
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discrepancies can be because of several factors such as differences in PSD and particle shape,
which result in a difference in fluid-particle contact area (Nguyen and Indraratna 2017b).
Figure 4-5 shows different hydraulic responses attributed to varying porosity. For
instance, when n increases from 0.388 to 0.42 and 0.45, the predicted k also increases from
0.0052 m/s to 0.0072 m/s and 0.0087 m/s, respectively. This trend generally agrees with the
conventional Ergun method; however, the larger the porosity, the more these two methods will
deviate. For example, the percentage error of the numerical results regarding Ergun method has
increased from 13% to 20% and 24%, respectively. This probably occurs because the Ergun’s
equation based on the averaged particle diameter is supposed to predict hydraulic properties in
the mono and bidisperse beds, whereas its accuracy decreases when heterogeneous particles are
considered. The results show that the numerical approach has major advantages in predicting
more complex soil properties with high precision.
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(a)

(b)
Figure 4-4: Comparison of hydraulic conductivity captured by the numerical, experimental and
theoretical approaches: a) the porosity of approximately 0.39, and b) the porosity of around
0.45
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4.1.4.2 Critical hydraulic gradient
The critical hydraulic gradient (ic) at fluidisation can be determined by considering how the
hydraulic conductivity changes over an increasing i. When i < ic, which is 1.2 in the numerical
simulation and 1.12 in the experiment (Figure 4-4a), there is no significant change in the
discharge velocity slope versus the hydraulic gradient. However, when i > ic, soil particles
begin to migrate and lose their stability, causing a rapid rise in the discharge velocity, i.e. a
steep gradient. Moreover, a looser soil has less resistance to particle migration, making the
instability occur with a smaller ic (Figure 4-5). This result shows how vital soil porosity is in
the design of subgrade foundation because it affects the hydraulic conductivity and influences
the soils’ stability.
In comparison to the experimental data, there is a deviation in the numerical results.
Specifically, the critical ic in the current experiment was 1.12, while that for numerical
simulation was 1.2 (Figure 4-4a). These differences can be attributed to several factors such as
particle shape and boundary condition. For example, Fleshman and Rice (2014) show a
significant deviation in ic, i.e., varying from 1.32 to 1.73 with different PSD, porosity and
particle types. Also, cell friction which varies in different sets of equipment, can result in
different values of ic, as represented in a previous investigation (Tao and Tao 2017b).
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Figure 4-5: Influences of porosity on hydraulic conductivity and critical hydraulic gradient
4.1.4.3 Microscopic evolution of soil over increasing upward flows
4.1.4.3.1 Soil particle migration
The process of particle migration as the hydraulic gradient increases is predicted and shown in
Figure 4-6. The particles are initially stable, and the surface is level. When the hydraulic
gradient reached a certain level, individual particles slowly began to move. This movement is
difficult to capture clearly in the experiment, but it can be obtained quite well through
simulation. Figure 4-6 shows the heave formation in both experiment and numerical
simulations after the inception of fluidisation. The vertical displacement of the bed in the
experiment is approximately 4 mm, which is equivalent to 6.4% of the initial height, whereas,
in the numerical simulation, it is about 0.4 mm, which is equal to 2.1%. This increases the
porosity of the specimen, resulting in the creation of void cracks. When particles lose their
contact with surrounding particles (i.e., degradation of soil fabric), they are no longer formed in
bed and move in a disorderly manner. Figure 4-7 illustrates how the surface of the soil sample
rises over an increasing i.
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(a)

(b)
Figure 4-6: Particle movement during increasing hydraulic gradient in a) numerical model; b)
experiment

56

Figure 4-7: Surface particle migration under increasing hydraulic gradient
Particle-to-particle contacts evolve significantly at fluidisation stage, as shown in
Figure 4-8. In this analysis, the contact force between particles representing the effective stress
in the soil is used to demonstrate how the contact matrix degrades as i increases. Figure 4-8a
shows that the contact force, for i < ic, is not uniform along the particle bed; it is higher at the
lower layers due to a body load from the overlying soil. When the hydraulic gradient reaches a
certain level, the contact forces start to weaken, making the particles more unstable. As soon as
the fluidisation occurs, the contact force drops dramatically, reducing effective stress to almost
zero. The soil at this fluidised state loses most of its resistance to the fluid flow as the particles
float upwards, i.e., they exhibit fluid-like behaviour. Furthermore, when the soil is fluidised,
there is no body load being applied to the lower particles, and the magnitude of the contact
force along the bed becomes almost uniform. In Figure 4-8b, when i is low, the particles are
stable causing no significant change in the largest magnitude of the contact force. When i
reaches the critical level, the particles begin to migrate upwards, and the contact force falls
sharply.
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(a)

(b)
Figure 4-8: Degradation of contact force due to increasing hydraulic gradient: a) the matrix of
contact force at initial and fluidisation stages, and b) the largest contact force over the
increasing hydraulic gradient
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4.1.4.3.2 Localised behaviour of fluid variables
The ability to capture localised fluid variables over detailed porous properties is a major
advantage of the fluid-particle coupling based on LBM, further illustrated in this section.
Figure 4-9 shows the distribution of fluid velocity over the particle space at different
magnitudes of i. It is apparent that by increasing the hydraulic gradient, the fluid velocity
increases. For example, the highest fluid velocity flows through the chamber increases from
0.0047 to 0.018 m/s when i increases from 0.26 to 1.2. These results also show that the
numerical method can reasonably capture the interstitial velocity of fluid when it flows through
a particle bed. For example, there are generally two different kinds of pores, i.e., the throat and
constriction pore in a packed particle bed, as represented in Figure 4-9b. The throat pore is the
narrow gap between two of the closest particles, while the constriction pore (pore body) is the
inscribed void sphere between the group of particles (Indraratna et al. 2007). A constriction
pore is normally larger than throat pore. Fundamentally, the larger the pore size, the lower the
localised fluid velocity, which means that the flow of fluid through the throat pores has a
higher velocity than constriction pores. These microscopic fluid flows have been captured well
using the current numerical method, as shown by different colour scales of flow vectors in
Figure 4-9a.
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i = 0.26

i = 1.2
(a)

(b)
Figure 4-9: Evolution of interstitial fluid velocity a) spatial distribution of fluid velocity at
different hydraulic gradients, and b) fluid flows through throat and constriction pores
To understand how the above flows evolve over an increasing i, the ratio between
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different interstitial velocities of fluid is estimated. In particular, the largest flow velocity at the
throat pores (Uf,l) is normalised to the smallest velocity of the fluid at the constriction pores
(Uf,s). This ratio also represents how the uniformity in distribution of fluid velocity varies with
different porous characteristics of soil changes when i increases. Figure 4-10 shows how this
ratio changes when the soil approaches a state of fluidisation. The velocity ratio remains almost
constant when i < ic, but it drops suddenly when i larger than the critical level. This is
understandable because when soil becomes fluidised, the particles migrate upward significantly
while losing their contacts, making the throat size larger. The larger the throat size, the smaller
the flow velocity Uf,l, and the smaller the ratio Uf,l/Uf,s. The results indicate that fluid flows in
almost uniform velocity while soil particles migrate in an excessive scale at the fluidisation
stage, which can occur when subgrade soil turns into slurry at fluidisation and then migrates to
the track surface, i.e., mud pumping.

Figure 4-10: Ratio between the largest (Uf,l) and the smallest (Uf,s) interstitial velocity of fluid
while soil approaches fluidisation stage
Figure 4-11 shows how accurately the numerical method can capture the changes in
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porosity over the particle bed with a corresponding pressure drop. It demonstrates that the finer
the fluid mesh, the pressure drop can be captured more accurately. When N is 23, it only shows
the general trend of the drop in pressure which is generally linear with depth; so the larger the
hydraulic gradient, the larger the pressure drop, but it does not clearly show the detailed
fluctuation in the pressure drop. However, when increasing N to 100, it can capture clearly the
detailed fluctuation in pressure drop due to the changes in porosity over the particle bed.
Obviously, the smaller the porosity (or larger solid fraction) at a fluid cell, the greater the cell’s
drop-in pressure. For example, at a height from 0.0128 to 0.0137, the solid fraction is almost 1
(i.e., the fluid cell filled fully by a particle), resulting in a jump in pressure drop. This
phenomenon occurs because the fluid cannot flow through a solid boundary, which causes the
local fluidised near the boundary to expand and compress, with a corresponding rise in pressure
(Lara 2017).
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(a)

(b)
Figure 4-11: Variations in fluid pressure and solid fraction over the depth of soil: a) pressure
drop, and b) solid fraction
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4.2 Validation of current LBM-DEM coupling with other studies
Modelling fluidisation of particulate media has, indeed, been carried out in previous studies;
however, most of those investigations concentrated on gas-particle interactions. To further
validate the current LBM-DEM coupling technique, the validation is hence implemented with
particle fluidisation induced by gas as represented in the following section. Due to the lack of
equipment and time constrain, the experiment with gas was not conducted in this study.
However, the minimum pressure causing fluidised bed can be predicted based on the
relationship of fluid upward force and net gravitational force on the particles. Fundamentally,
the upward force has to be larger than the gravitational force to cause particle migration.
Specifically, the upward force is equal to:
∆𝑃 × 𝐴

(22)

where A is the base area of the chamber, ∆𝑃 is the pressure difference.
The net gravitational force on the particles can be calculated by:
(1 − 𝑛)(𝜌𝑝 − 𝜌𝑓 )𝐴𝐿𝑔

(23)

where 𝑛 is the porosity and 𝜌𝑝 is the solid particle density. Therefore, the expected yield
pressure drop causing fluidisation is equal to:
∆𝑃 = (1 − 𝑛)(𝜌𝑝 − 𝜌𝑓 )𝐿𝑔

(24)

4.2.1 Numerical model setup
The result obtained from the current LBM-DEM model is validated with the conventional CFD
results from (Third and Müller 2013); therefore, the properties of soil and gas in both studies
are similar (Table 4). Third and Müller (2013)’s study was selected because the number of
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particles, particles size and domain size are smaller than other studies (Tsuji et al. 1993; Kafui
et al. 2002). Thus, it would reduce the computational time. The soil sample is mono size and
spherical (Figure 4-12). To compare the results with Third and Müller (2013)’s CFD model,
the pressure difference between the inlet, i.e., the bottom and outlet, i.e., the top of the soil
sample is increased until the fluidisation occurs. Figure 4-13 shows the distribution of pressure
over the depth, in which the pressure at the bottom is highest while the pressure reduces to zero
at the top of the soil specimen.
Table 4: Numerical model parameters (Third and Müller 2013)

Due to the viscosity and density of gas much lighter than the water, the simulation
relaxation time becomes close to 0.5, which causes the instability of the model. In order to
increase the relaxation time, the lattice resolution has to be increased. As a result, it requires a
longer time and a high-performance computer to run the simulation. Additionally, one of the
disadvantages of the LBM-DEM model is that the model is unstable when the density ratio
between fluid and particle is large. This is because the lattice Boltzmann model cannot be
recovered to the continuity equation accurately when the interface gradient is too large (Zhang
et al. 2018). As a result, previous studies using LBM-DEM to coupling gas-particles interaction
usually reduced the density of solid particle in the range 900 to 1400 kg/m3 (Third and Müller
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2013; Wang et al. 2013; Xiong et al. 2014). Therefore, the particle density used in this study is
1000 kg/m3. The soil specimen was generated by dropping the particles at a certain height to
the chamber. The porosity of the specimen is 0.41, close to the Third and Müller (2013)’s study
(0.42). In this simulation, each particle covers 20 fluid cells, and the relaxation time is 0.51.
Similar to the water fluidisation, the gas flow is driven by the pressure difference between the
inlet and outlet. The pressure difference was increased gradually until the inception of
fluidisation happen. Free-slip boundary is applied at the sidewalls.

Figure 4-12: Numerical model to simulate air fluidisation
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Figure 4-13: Pressure distribution over the depth

4.2.2 Results and discussion
The results obtained from the current numerical model and Third and Müller (2013) are shown
in Figure 4-14. As can be seen, the LBM-DEM numerical result shows a good agreement with
conventional CFD-DEM. Both methods show a similar trend in the pressure drop and the
discharge gas velocity profile. As the pressure drop increases, the discharge gas increases. The
minimum fluidisation velocity in the CFD-DEM model is 0.27 m/s, and the current LBM-DEM
model is 0.31 m/s, resulting in a percentage error of 14.8 %. The deviation can be because of
the difference in the porosity of two specimens and different approach to compute the particlefluid interaction between two methods. Specifically, CFD cannot directly compute the fluidparticle interaction, while LBM can compute interaction force on each particle.
The predicted yield pressure calculated by Equation (24) is 149.7 Pa, while both CFD
and LBM pressure is 140 Pa. The deviation is 6.5 %. This shows that the LBM model can
reasonably capture the critical pressure causing fluidisation compared with conventional CFD.
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Figure 4-14: Comparison of the results from CFD-DEM (Third and Müller 2013) and the
current LBM-DEM simulations to predict air fluidisation
In addition, as mentioned above, using numerical simulation can capture the localised
velocity. The arrows in Figure 4-15 demonstrate the gas flow through the particle bed. The gas
velocity does not distribute uniformly, showing by different colours of the arrows, which is due
to the different size of the pore. Fundamentally, the gas flow through a larger pore has a
smaller velocity than the gas flow through a smaller pore. However, at the upper part of the
chamber, where there is no presence of soil, the velocity of gas does not vary considerably as
there is no change in porosity.

68

Figure 4-15: Interstitial micro-gas vectors flowing through particle bed
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5 CONCLUSIONS AND RECOMMENDATIONS
5.1 Conclusions
In this study, a coupled numerical method (LBM-DEM) was used to model the soil fluidisation
under increasing hydraulic gradient to mimic the subgrade fluidisation under rail tracks due to
rising excess pore water pressure. The numerical results obtained from this coupling were
validated based on experimental data and conventional analytical methods. The validation was
also extended to previous studies where gas flows induced the fluidisation of soil under seabed
and mining conditions. Overall, the coupling method showed reasonable predictions from
which the following key conclusions could be drawn:
For the soil fluidisation caused by water flows:
-

The LBM-DEM numerical model could predict the hydraulic conductivity k of granular
soils relatively well compared with the experimental approaches, including the current
and previous studies. The critical hydraulic gradient ic predicted by the numerical method
was slightly larger than the current experimental data. However, it was still within the
range commonly given in previous experimental studies.

-

The numerical model could capture particle behaviour reasonably well as it showed an
acceptable agreement with the experimental data in terms of heave and fluidisation
development upon increasing i. In addition, the numerical model revealed that the contact
matrix of soil particles associated with the magnitude of contact forces (i.e., representing
the effective stress) would become severely degraded during the fluidised state.

-

The proposed numerical method reasonably depicted the microscopic and localised
behaviours of soil and fluid, which was the major advantage of the current fluid-particle
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coupling technique over the conventional CFD (coarse grids) approach. For example, it
demonstrated how the fluid changed its velocity when flowing through different micropores quite well, whereby the ratio between fluid velocity at throat and constriction pores
dropped steeply when the soil approached a state of fluidisation. The proposed numerical
approach also captured the variation in fluid pressure caused by changes in the
distribution of micro-porosity.
For the soil fluidisation caused by gas flows:
-

The soil fluidisation in the gas environment took more effort to implement than water as the
viscosity and density of gas were smaller than water. Generally, the result showed that
LBM-DEM could reasonably capture gas fluidisation. The pressure and velocity profile
illustrated that as the pressure increased, the velocity increased. The minimum fluidisation
velocity obtained by the LBM-DEM model was 0.31 m/s, which was 14.8% difference
from conventional CFD-DEM coupling. The yield pressure causing fluidisation obtained by
the LBM-DEM model (140 Pa) was identical to the conventional CFD-DEM (140 kPa) and
the theoretical prediction (149.7kPa).

In short, the major advantage of the proposed LBM-DEM coupling is its unique capacity to
capture variables of fluid and solid particles at the microscale, that is, the scale smaller than the
size of solid particles. Using this approach, how fluid and soil particles migrate through porous
soil space can be captured more accurately, especially when simulating internal erosion and
piping. Conventional methods such as the finite element method (Fleshman and Rice 2014) can
predict the hydraulic conductivity and deformation of the soil, but they cannot capture the
localised response of soil and fluid under increasing hydraulic gradient as detailed previously.
Despite this success, the current model had several limitations. First, the soil particles were
assumed to be spheres in the DEM analysis, whereas the shape of actual particles was irregular,
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so inevitably causing some deviation from the predictions. Second, more detailed experimental
data such as the fluid variables and particle migration monitored at different soil layers would
be needed to validate the localised behaviour of fluid and soil predicted by the proposed
numerical method.

5.2 The research limitations and implications
While previous site investigations (Kuo et al. 2017; Nguyen and Indraratna 2021) show that
most subgrade soils prone to fluidisation vary from cohesionless to low and medium plasticity
soils, the current study only concentrated on cohesionless soils (i.e., coarse sand) for simplicity.
Other materials such as fine sand and silt without cohesion would share the same mechanism,
albeit having different particle sizes, while further effort would be required to extend the model
to cohesive soils.

5.3 Recommendations for future work
LBM-DEM coupling model has shown the potential approach to capture fluid-particle
interactions at the microscopic scale. However, due to the current thesis’s scope, the major
application and validation were made for uniform and cohesionless soil. This meant there is
still considerable effort needed to further extend the technique to more complex soil and
foundation properties such as widely and gap graded soils and ballast-subgrade interactions.
Specifically, the following are the suggestions for future work:
-

The current study has achieved a certain success in capture the fluidisation of subgrade soil;
however, a complete model that can capture the interaction between migrating fines and
coarse ballast particles is essential to understand mud pumping thoroughly.

72

-

Use the more realistic soil with a wider range, such as gap-graded soil (Figure 5-1), to
capture the internal erosion. CT-Scanning can be used to capture the sample’s porosity
before and after the fluidisation process, which enables to investigate how the fine particles
migrate to upper layers under hydraulic load.

Figure 5-1: Gap-graded soil generated in LIGGGHTS
-

Investigate how the shape factors affecting soil behaviour under increasing hydraulic
gradient. For example, irregular particles can be generated using multisphere function in
LIGGGHTS, as shown in Figure 5-2; however, the investigation on how the shape factor
affects fluidisation has not been conducted due to the time constraint.

Figure 5-2: Irregular particle shape to capture realistic shapes of soil particles
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